an isolated dog heart preparation, the circumflex, anterior descending, and right coronary arteries were simultaneously perfused and blood flow was monitored by electromagnetic flow probes. The retrograde-flow method was used to determine the potential collateral flow. In a group of nine (control) animals, the collateral flows as well as the antegrade flows were measured during an acute occlusion of one of the coronary arteries. In a second group of 16 animals (experimental), the potential collateral as well as the antegrade flows were determined after an Ameroid occluder had been placed on one of the left coronary arteries or the right coronary artery for several months. The antegrade flow of the occluded vessel was measured by cannulating the vessel just distal to the occluder. The collateral conductance in the experimental group increased up to loo-fold in comparison to the control group. After a circumflex or anterior descending occlusion, the lowest collateral resistance was observed between the circumflex and anterior descending coronary arteries, while the right coronary artery favored collateral development to the circumflex rather than the anterior descending coronary artery. Antegrade flows distal to the occlusion in some cases decreased relative to control flows. Concomitantly, the flow in another coronary artery seems to increase. After a 4-month occlusion of the circumflex artery, the collateral resistance was almost 3 times smaller than the peripheral resistance of the artery supplied by the collaterals. After several months of coronary occlusion, the naturally developing collaterals seem to be able to supply a more than basal need to the o&ded vessel.
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EARLY INVESTIGATIONS
OF CORONARY COLLATERAL formation have shown that whenever an imbalance in the coronary flow occurs, by reduction of flow or pressure of any one of the coronary arteries, collateral channels gradually develop in order to reestablish the initial equilibrium (2, 11) . The intercoronary circulation constitutes the most important blood supply to the heart during a gradual occlusion of one of the coronary arteries and develops on a high arterial level interconnecting the various coronary arteries (8). The introduction of the retrograde-flow method (2, 9) initiated the quantitative measurement of this intercoronary collateral flow. In this method the collateral flow is determined by collecting the volume of blood that flows externally from a tube or catheter inserted into the peripheral end of an occluded coronary artery. The retrograde flow thus measured consists of the sum of the flows through the collaterals from each of the other two coronary arteries. The purpose of this study was to determine quantitatively the relative contribution of each coronary artery to the total retrograde flow during both an acute occlusion and chronic occlusion of one of the coronary arteries.
In the light of recent bypass surgery, the vascular resistance changes of the occluded coronary bed were of particular interest. Furthermore, we wanted to know if the changes occurring in this vascular bed manifested themselves by resistance changes in the other coronary beds. We have also posed the question whether the collateral development, in time, is adequate to supply above-basal flows through an occluded artery.
MATERIALS AND METHODS
Twenty-five mongrel dogs of both sexes weighing between 16 and 25 kg were used, 9 as control and 16 as experimental animals. In each of the experimental animals, an Ameroid constrictor was placed around one of the coronary vessels. The occluder (with an initial id of 2.5 and 2.7 mm) was placed as close to the aorta as possible, and it gradually closed off the artery over a period of 2 weeks. Isolated heart experiments, in which the heart was allowed to beat throughout the experimental procedure, were performed on these animals l-3 months after placement of the occluder. All animals remained caged from the time the occluder was placed on the coronary artery until the experimental procedure, with the exception of dog 7 to be discussed below. Experimental procedure. The animals were anesthetized with 30 mg/kg of sodium pentobarbital.
Under artificial respiration, a wide thoracotomy was made in the fifth left intercostal space. The right coronary artery and either the circumflex or the anterior descending artery were isolated as close to the aorta as possible. In the experimental animals the occluded vessel was isolated just distal to the occluder.
The animal was heparinized with 10,000 units and was rapidly bled from two femoral catheters. When the heart was observed to weaken, it was excised and the aorta was tied to the T tube of the perfusion apparatus (Fig. 1) . While the arteries were perfused at a pressure of 100 mm Hg, the mitral and pulmonic valves were cut so that all experiments were performed under iden tical "loading" conditions and Perfusion apparatus. Figure 1 shows the perfusion apparatus used for the isolated heart preparation (3). Blood flowed from the reservoir into the T tube and aorta. To prevent air emboli while the heart was being tied to the T tube, this supply line was clamped and blood flowed into the aorta under low pressure through the bleed catheter. Once the heart was secured, the clamp was released and any remaining air in the T tube was vented through the air exhaust. The aortic valve was closed by the back pressure allowing the simultaneous perfusion of the coronaries. Venous blood returned through the atria into the venous reservoir and thereafter drained into the disc oxygenator which was coated with silicon rubber to reduce blood trauma. Oxygen was supplied to this chamber at the rate of 1 liter/min and CO2 at 60 ml/min as monitored by two Gilmont flowmeters. The Paz, PCOZ, and pH of the blood leaving this chamber were about 140 mm Hg, 20 mm Hg, and 7.4, respectively. From the oxygenator, the blood entered a 300-mm Silastic-coated, glass, heat exchanger.
Warm water to this heat exchanger was supplied by a pump from a constant-temperature tissue bath. The pump was automatically energized whenever the blood temperature in the reservoir dropped below 37 C. From the heat exchanger, the blood was pumped by a nonoccluding type Sigmamotor pump (model TM-33) through a Silastic valve into the reservoir.
This pump was automatically activated by a light-sensitive silicon-controlled rectifier on the reservoir whenever the level dropped below 300 ml. The pressure in the sealed reservoir was maintained at 100 mm Hg by a pressure regulator.
A Corning heating and magnetic-stirring apparatus was used to prevent the blood cells from settling and to supply additional heat to the reservoir.
One large (5 mm id) Silastic tube connected the reservoir through a 3-mm id extracorporeal electromagnetic flow probe to the T tube. Each of two additional 5-mm id Silastic tubes led to a small T tube, which was connected to a g-mm-long tapered cannulating probe through an electromagnetic flow probe. Since the normal heart only has a sparse network of functional intercoronary collaterals, the retrograde flows range between 0.1 and 5 ml/min.
In hearts in which a coronary artery was chronically occluded, the retrograde flows increased to almost 200 ml/min. Therefore, two types of experimental procedures were followed : 1) a method to determine potential collateral flow when the retrograde flow was high, and 2) a method to determine potential collateral flow when the retrograde flow was low. Practically all animals, on which an Ameroid constrictor was placed on one of the coronary arteries for more than 1 month, fell in the former category.
Experimental procedure for hearts exhibitmg a high retrograde flow. Figure 2 The flow Fox also divided along two paths: 1) it supplied the vascular bed of the circumflex artery; and 2) it flowed through the collaterals connecting between the circumflex and right coronary arteries, FnVc. Since the flow through the vascular bed of the circumflex artery was determined during control conditions, the flow through the collaterals can be calculated from:
Thus, it becomes evident that the retrograde flow measured through the right coronary artery (FRX:retro) consisted of the sum of the flows through the collaterals:
In order to determine the flow through the collaterals connecting between the circumflex and anterior descending arteries, F C-A9 a retrograde flow experiment on the circumflex artery was performed similarly to the above experiment. Following the same trend of thought these equations were derived : When the retrograde flow measurement was performed on the anterior descending artery, the same analysis yielded the following three equations :
Experimental procedure for hearts exhibiting a low retrograde flow. In most of the experimental hearts, the measured retrograde flows were high and could be measured with electromagnetic flow probes with relatively small experimental error. This was not the case in the control and some experimental hearts in which the retrograde flows were low. In these experiments the retrograde flows were collected in tapered test tubes over a time period of 1 min. 
RESULTS
Perjusion data. During the first 5-8 min after the hearts were tied to the perfusion apparatus, a phase of relatively high coronary flow was noted, followed by a period of approximately lo-20 min in which the flow remained constant (stable phase). Data were tabulated during the stable phase of the preparation.
Thereafter, the coronary flows decreased continuously in the majority of the experiments. This was probably due to cardiac edema (10, 13), since, when comparing the heart weights before and after perfusion, a gain in weight was noted. Retrograde flow measurements which were performed during all three phases remained very constant, suggesting that the retrograde flow channels involve a circuit which is not subject to the effects of edema; therefore, they must be superficial vessels which do not traverse deep into the myocardium.
Thus, it can be seen that the flow through all collaterals can be determined by performing several experimental combinations.
Since these collaterals are at a high arterial level, a pressure drop equal to the perfusion pressure existed across the collaterals, thus allowing its resistance (or conductance) to be calculated by Ohm's law. All data obtained by the experiments were analyzed and calculated by the above methods and equations and summarized in Table 2 .
During the curing process of about 3-4 hr, the injected hearts were kept in water. They were then macerated in 6 N potassium hydroxide at room temperature for 13-24 hr. Figure 3 illustrates an experiment performed on the isolated heart in which the circumflex artery had been occluded for 3 months. Basal flows in the right, circumflex, and anterior descending arteries were 3 1, 47, and 69 ml/min, respectively, totaling to a coronary flow of 147 ml/min. After a clamp was applied to the circumflex artery, the flow in the right and anterior descending coronary arteries rose After the retrograde flow was stopped and the flow to the circumflex artery reestablished (Fig. 4) Antegrade JEows. Table 3 summarized the average forward flows through each of the rnajor coronary arteries in the control and experimental hearts. The total coronary flows in the experimental groups were not significantly different from the corresponding flows in the control hearts. The left coronary flow divides almost equally between the circumflex and anterior descending coronary arteries representing about 86 % of the total coronary flow, whereas the right coronary artery receives only 14 % of the total coronary flow in the control hearts.
Conductawes of coronary arteries. Table 2 lists the conductantes of the coronary arteries in each experiment. GR, Go, and GA represent the conductances in the right, circumflex, and anterior descending coronary arteries, respectively. The flow through the artery with the occluder was measured by inserting a catheter just distal to the occluder. In Table 4 increase in the intercoronary collateral conductance was noted in the animals which were subjected to a chronic coronary occlusion of the anterior descending or circumflex coronary arteries for 1 month. In these animals, also, the highest conductance was between the circumflex and the anterior descending arteries, while the conductance from the right to the anterior descending artery was lower than to the circumflex. In dogs in which either of the left coronary arteries had been occluded for 2 or more months, the intercoronary collateral conductance was higher than in any of the two preceding groups. A comparison between this group and the control showed that collateral conductance was significantly different (P < 0.005). In this group the average conductance, 300 X low5 (ml/min)/mm I-Ig per gram heart weight, was also between the circumflex and anterior descending arteries, while the right coronary favored collateral development toward the circumflex artery rather than the anterior descending artery.
The mean values for GR, Gc, GA are shown.
physically complete the cannulation of the right coronary, distal to the occlusion, might have resulted in shifting the data beyond the plateau area.
This relative lack of collateral communication between the right and anterior descending arteries was also seen in a group of three animals in which the right coronary artery had been chronically occluded for 2 months. The average conductance between these two arteries was 5 X 10m5, while the conductance between the right and circumflex was 91.0 X lo-" ( m I/ min)/mm I-Ig per gram heart weight. Time course of collateral development. Figure 5 illustrates the Coronary collateral conductnnces. The intercoronary conincrease in intercoronary collateral conductances with time. (4) (I) (1) in the dog's heart also develop along a specific anatomical pattern. Another interesting result of this study is that the conductance in the distal coronary bed, beyond the occlusion, seems to decrease at the same time the conductance of another vessel increases. This might suggest tht the other vessel may have taken by the affected vessel.
over some of the area once supplied In experiment 7 an Ameroid constrictor was placed on a pregnant dog which was also allowed to run free after delivery, in contrast to all other animals in this study which were caged during the entire time. This animal had developed an amazingly high collateral circulation in the same Z-month period relative to the other animals in this group. At this time it is difficult to say how much of this development could be attributed to elevated female hormone levels or exercise (6).
Eckstein (4, 5) has noted that the collateral flow, as vessels are connected in series with the vascular bed of the affected coronary bed. We like to think of the retrograde flow as the potential flow that the collaterals are capable of delivering.
If the collateral conductances are very much higher than the conductance of the coronary vascular bed, the flow will be limited by the coronary bed; if the collateral conductance is low with respect to the coronary conductance, the collaterals will be flow limiting.
From the data collected in our study, it could be theorized that the latter applies during the 1st month of occlusion and the former after 2 months or more of coronary occlusion. Since, in our experiments, the forward conductances of the vessels were determined under conditions in which the flow through the collaterals was zero, by cannulating the occluded vessel distal to the occlusion, the errors that would be introduced otherwise were circumvented. 
